JEM 



Article 



IRF4 controls the positioning of mature B cells 
in the lymphoid microenvironments by 
regulating NOTCH2 expression and activity 
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The transcription factor interferon regulatory factor-4 (IRF4) is expressed in B cells at most 
developmental stages. In antigen-activated B cells, IRF4 controls germinal center forma- 
tion, class-switch recombination, and the generation of plasma cells. Here we describe a 
novel function for IRF4 in the homeostasis of mature B cells. Inducible deletion of irf4 
specifically in B cells in vivo led to the aberrant accumulation of ;>f4-deleted follicular 
B cells in the marginal zone (MZ) area. IRF4-deficient B cells showed elevated protein 
expression and activation of NOTCH2, a transmembrane receptor and transcriptional regu- 
lator known to be required for MZ B cell development. Administration of a NOTCH2- 
inhibitory antibody abolished nuclear translocation of NOTCH2 in B cells within 12 h and 
caused a rapid and progressive disintegration of the MZ that was virtually complete 48 h 
after injection. The disappearance of the MZ was accompanied by a transient increase of 
MZ-like B cells in the blood rather than increased B cell apoptosis, demonstrating that 
continued NOTCH2 activation is critical for the retention of B cells in the MZ. Our results 
suggest that IRF4 controls the positioning of mature B cells in the lymphoid microenviron- 
ments by regulating NOTCH2 expression. These findings may have implications for the 
understanding of B cell malignancies with dysregulated IRF4 and NOTCH2 activity. 



IRF4 is a member of the interferon regulatory 
factor (IRF) family of transcription factors and 
exerts critical functions in various cell types of 
the immune system (De Silva et al., 2012). In 
the B cell lineage, IRF4 is expressed in all de- 
velopmental stages, with the exception of ger- 
minal center (GC) B cells (Falini et al., 2000; 
Cattoretti et al., 2006). During the generation 
of B cells in the bone marrow, IRF4 is largely 
redundant with the IRF family member IRF8 
(Lu et al., 2003). The study of irf4 knockout 
mice revealed that IRF4 is required for T cell- 
dependent antibody responses (Mittriicker et al., 
1997), and subsequent work demonstrated that 
IRF4 is critically involved in the initiation and 
termination of the GC reaction, immunoglob- 
ulin class-switch recombination, and plasma cell 
differentiation (Klein et al., 2006; Sciammas et al., 
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2006; Saito et al., 2007; Ochiai et al., 2013). 
There is emerging evidence that during these 
mechanistically distinct processes, IRF4 exerts its 
different functions through interaction with stage- 
specific cofactors and through a graded expression 
(Sciammas et al, 2006, 2011; Ochiai et al, 2013) 
that reaches its highest levels in plasma cells. 

Reflecting the diverse, context-dependent 
functions of IRF4 in different B lineage subsets, 
deregulation of the biological programs con- 
trolled by IRF4 has been linked to the pathogen- 
esis of several types of B cell tumors corresponding 
to various developmental stages (Shaffer et al., 
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2009, 2012; De Silva et al., 2012). As such, IRF4 is unusual in 
comparison with other lymphoma-related transcriptional 
regulators in that it is associated with oncogenic as well as 
tumor-suppressor functions. IRF4 has oncogenic roles in sev- 
eral GC and post-GC B cell malignancies, including multi- 
ple myeloma, subtypes of diffuse large B cell lymphoma, 
and Hodgkin lymphoma. Conversely, IRF4 exerts potential 
tumor-suppressor functions in B cell acute lymphoblastic leu- 
kemia, a malignancy deriving from immature B cells, and in 
chronic lymphocytic leukemia (CLL), a tumor of quiescent 
mature B cells. 

The first evidence that IRF4 may have a unique role in the 
regulation of the peripheral B cell compartment stemmed from 
the observation that irf4 knockout mice, despite normal surface 
expression of IgM and of k and \ light chains, displayed a dif- 
ferent B cell immunophenotype compared with wild-type 
mice (Mittriicker et al., 1997). In particular, IRF4-deficient 
B cells expressed lower amounts of CD23, a finding which led 
Mittriicker et al. (1997) to propose that these cells are blocked 
at a late, transitional stage of peripheral B cell maturation. Sub- 
sequent studies suggested that IRF4-deficient B cells acquire a 
marginal zone (MZ) B cell— like immunophenotype, as the 
CD23~ cells express high levels of the CD21 (Klein et al., 
2006) and CDld antigens (Ochiai et al., 2013) that are charac- 
teristic for splenic MZ B cells (Pillai and Cariappa, 2009). 

MZ B cells localize at the border of the splenic white pulp 
(Pillai et al., 2005) and respond rapidly to blood-borne patho- 
gens (Martin and Kearney 2000). These cells are functionally, 
immunopheiiotypically, and histologically distinct from fol- 
licular (FO) B cells, which are primarily involved in T cell- 
dependent B cell responses. Studies with conditional knockout 
mouse models have revealed that the development of MZ 
versus FO B cells requires activation of the NOTCH pathway 
(Tamgaki et al, 2002) through the NOTCH2 receptor (Saito 
et al., 2003). Mice lacking expression of NOTCH2, the 
NOTCH ligand delta-like 1 (DLL1), or NOTCH signaling 
components show a dramatic decrease in the number of MZ 
B cells (Tanigaki et al, 2002; Saito et al, 2003; Hozumi et al., 
2004; Tan et al., 2009). On the contrary, constitutive expres- 
sion of the active form of NOTCH2 in B cells leads to a 
marked increase in the number of MZ versus FO B cells 
(Hampel et al., 2011). Although both IRF4 and NOTCH af- 
fect MZ versus FO B cell development, it is unclear whether 
and how these pathways are connected. 

Using a conditional irf4 allele and an inducible Cre- 
recombinase that is expressed specifically in B cells, we here 
show that inducible deletion of irf4 in B cells leads to an accu- 
mulation of IRF4-deficient B cells in the MZ, which was asso- 
ciated with elevated protein expression and activation of 
NOTCH2. Inhibition of NOTCH2 activation reversed the 
observed phenotype, revealing that continued signaling through 
NOTCH2 is required for the retention of B cells in the MZ as 
well as, potentially, for the maintenance of MZ B cells. The re- 
sults suggest that in quiescent mature B cells, IRF4 establishes a 
biological program that prevents B cell retention in the MZ 
through regulating NOTCH2 expression. 
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RESULTS 

Abnormal tissue distribution of mature 
B cells in irf4 knockout mice 

irf4~ / ~ mice are known to develop B cell expansions with an 
MZ phenotype (CD19 + CD23-CD21 K CDld h igM hl IgD l0 ) and 
concomitant loss of FO-type B cells (CD19 + CD23 + CD21 mt - 
CDld lo IgM lo/+ IgD hl ) in the spleen (Mittriicker et al, 1997; 
Klein et al., 2006; Ochiai et al., 2013). However, the localiza- 
tion of irf4^ / ^ B cells within the splenic microenvironments 
has not been studied. We therefore stained spleen sections of 
irf4~'~, irf4 +/ ~, and irf4 +/+ mice with the MOMA1 antibody, 
which recognizes metallophilic macrophages located at the 
border between the FO and MZ areas. Whereas in wild-type 
and irf4 +/ ~ mice the majority of B cells localized in the FO 
area, B cells in irf4 -/ ~ mice preferentially localized in the MZ 
area (Fig. 1 A). Thus, mature B cells developing in irf4 knock- 
out mice show an abnormal distribution within the splenic 
microenvironments that is skewed toward an MZ localization. 

Inducible deletion of irf4 in mature B cells 
leads to their accumulation in the MZ 

In irf4~'~ mice, the deficiency of irf4 in a variety of immune 
cell types and in B cells throughout development hampers 
analysis of the autonomous function of IRF4 in mature 
B cells. To assess the intrinsic role of IRF4 in quiescent ma- 
ture B cells, we established a system that enables the inducible 
deletion of irf4 specifically in B cells by crossing a conditional 
irf4 allele (Klein et al., 2006) to mice that express a tamoxifen 
(TAM) -inducible Cre-recombinase from the human CD20 
promoter (CD20-TAM-Cre; Fig. 1 B; Khalil et al, 2012). 
Through this approach, inducible deletion of irf4 is associated 
with concomitant activation of eGFP expression, allowing 
the tracking of IRF4-deficient B cells (Klein et al, 2006). 
Deletion occurred in ^25% of splenic lymphocytes, corre- 
sponding to ^50% of B cells, upon TAM administration 
(Fig. 1, C and D). Loss of IRF4 protein expression upon Cre- 
mediated deletion was confirmed in eGFP + B cells flow 
sorted from the spleen of irf4^ -' i CD20-TAM-Cre mice, whereas 
it was retained in eGFP + B cells purified from irf4^ ,+ CT)2{)- 
TAM-Cre mice (Fig. 1 E).The results demonstrate that eGFP 
expression constitutes a direct readout for biallelic (iVf^^) and 
monoallehc (irf4^ /+ ) irf4 gene deletion in B cells from irf4- 
conditional mice and allowed us to track deleted cells in the 
lymphoid tissues by flow cytometry (Fig. 1 D). 

,-^//iCD20-TAM-Cre, i ? f4'' /+ CD20-TAM-Cre, and CD20- 
TAM-Cre mice were injected with TAM and analyzed for 
splenic B cell subpopulations at days 11—14 after the final in- 
jection. Flow cytometric analysis revealed no differences in 
the FO and MZ fractions of splenic B lymphocytes and in the 
percentage of t pf4-deleted cells among the genotypes (Fig. 2 A 
and Table 1). In marked contrast, however, histological ex- 
amination of spleen sections derived from ;>f4' i ^ i CD20-TAM- 
Cre, !V/? !/+ CD20-TAM-Cre, and CD20-TAM-Cre mice revealed 
the presence of significantly enlarged MZ areas in mice with 
homozygous deletion of irf4 in B cells relative to controls 
(Fig. 2 B, left, H&E). 

IRF4 and IM0TCH2 regulate mature B cell positioning | Simonetti et al. 



Article 



• ¥ ■ 



MZ 




B 



frt loxP 



promoter 
pA region | ox p frt 



CD3 MOMA1 B220 

C Corn oil 



Tamoxifen 



off 



X 



E1E2 E3 E4E5 E6 



tg CD20-TAM-Cre - | hCD20| IRESj Cre-ER| - 



in B cells 
post-Tamoxifen 




eGFP 



irf4 <H^GFP|KXH] — D~D Ih null(eGFP + ) 

on E3 E4 E5 E6 



D 



+/+ CD20-TAM-Cre 
f[/+ CD20-TAM-Cre 
I fl/fl CD20-TAM-Cre 



CD20-TAM-Cre 



52 kD 
42 kD 



IRF4 
p-actin 



eGFP- 



eGFP- 



eGFP + 



Figure 1. Preferential localization of B lymphocytes in the splenic MZ of irf4~ / ~ mice and inducible deletion of irf4 in B cells in vivo. 

(A) Spleen sections from /7f4 +/+ , irf4 +/ ~, and irf4~t~ mice were analyzed for CD3, M0MA1, and B220 expression by IF. One representative mouse out of 
four per group is shown. Bar, 500 urn. (B) Schematic representation of the Cre-ER transgene under the control of the human (h) CD20 promoter (middle) 
and of the irf4 gene before (top) and after (bottom) Cre-mediated recombination in the //f4 f,/fl CD20-TAM-Cre model. (C-E) Mice were challenged with 
three doses of TAM on three consecutive days and analyzed 1 1-14 d after the final TAM injection. (C) Spleen cells from ;/f4 fl/ "CD20-TAM-Cre mice after 
administration of corn oil or TAM {n = 4 per group, two independent experiments) were analyzed for CD 1 9 and eGFP expression by flow cytometry. The 
number above the gate indicates percentage of eGFP + B cells among lymphocytes. (D) eGFP expression level on splenic B cells from /Vf4" /, ' :, CD20-TAM-Cre, 
/7f4" /+ CD20-TAM-Cre, and CD20-TAM-Cre mice was assessed by flow cytometry (one representative mouse out of four to eight per group is shown; four 
independent experiments). (E) B cells were sorted from the spleen of /rf4" / ' ! CD20-TAM-Cre, /rf4 f,/+ CD20-TAM-Cre, and CD20-TAM-O mice, and IRF4 
expression was determined by Western blot (one representative of two independent experiments). 



We then used immunohistochemistry (IHC) analysis for 
eGFP in combination with IgM to track the localization of 
homozygous and heterozygous i'r/4-deleted B cells within 
the splenic microenvironments of ;Vf4' i ^CD20-TAM-Cre and 
»/4'' /+ CD2()-TAM-Cre mice. The results showed that homo- 
zygous deletion of irf4 in B cells led to a significantly in- 
creased localization of eGFP + IgM + B cells in the MZ area 
(Fig. 2 B). Overall, we observed an ^2. 4-fold increase in the 
ratio of the MZ/lymphoid follicle areas in the !t/~4^ / 'CD20- 
TAM-Cre mice compared with ;'ff4 fl/+ CD20-TAM-Cre and 
CD20-TAM-Cre mice (Fig. 2 C).The following observations 
indicate that the accumulation of eGFP + B cells in the MZ of 
f'»/4' i ^ , CD20-TAM-Cre mice results from an increased B cell 
retention of IRF4-deficient FO B cells in the MZ area. First, 
whereas in ijf4 fl/+ CD20-TAM-Cre and CD20-TAM-Cre mice 



the MZ appeared as the characteristic sharp rim of cells ex- 
pressing high levels of IgM at the outer boundary of the 
splenic white pulp, the MZ of ir/4 /! ^CD20-TAM-Cre mice 
was comprised of B cells expressing lower and variable levels 
of IgM (Fig. 2 D), as characteristically observed on FO B cells. 
In accordance with this observation, we detected an in- 
creased amount of IgD hl B cells (which were mostly IgM lo/+ ) 
in the MZ of (ff4 /i ^CD20-TAM-Cre mice compared with 
control mice (Fig. 2 E). Second, IHC staining for the prolifer- 
ation marker Ki-67 revealed that the MZ enlargement in the 
(Vf4' , ^CD2()-TAM-Cre mice was not associated with in situ 
B cell proliferation in the spleen (not depicted) and hence is 
not the result of an expansion of abnormally proliferating MZ 
B cells. Collectively, these results suggest that homozygous 
deletion of irf4 in FO B cells alters their migratory properties. 
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Figure 2. Preferential localization of B cells in the splenic MZ upon inducible B cell-specific deletion of irf4. /rf4"/' i CD20-TAM-Cre, //f4* + CD20- 
TAM-Cre, and CD20-TAM-Cre mice were injected with three doses of TAM on three consecutive days and analyzed 1 1-14 d after the last injection. Images 
show one representative mouse per group (/7f4 fl/ "CD20-TAM-Cre: n = 6; /rf4" /+ CD20-TAM-Cre: n = 8; CD20-TAM-Cre: n = 4; four independent experi- 
ments), except for C. (A) CD21 and CD23 expression by CD19+ splenic B cells from CD20-TAM-Cre, /Vf4 ff /+CD20-TAM-Cre, and ;'rf4*"CD20-TAIv1-Cre mice 
were analyzed by flow cytometry. Numbers above gates indicate the percentage of CD23 + CD21 int FO and CD23~CD21 hi MZ B cells, (right) eGFP expression 
by splenic FO and MZ B cells from CD20-TAM-Cre (green lines), /rf4 f,/+ CD20-TAM-Cre (blue lines), and />f4 fl/ "CD20-TAM-Cre (red lines) mice was assessed 
by flow cytometry. (B) Spleen sections from CD20-TAM-Cre, /7f4 fl/+ CD20-TAM-Cre, and //•f4 fl/fl CD20-TAM-Cre mice were stained with H&E or analyzed for 
expression of eGFP counterstained with hematoxylin or with anti-lgM. Boxes demarcate the area shown at higher magnification to the right. (C) Ratio 
between the MZ and the lymphoid follicle areas in the spleen of CD20-TAM-Cre (+/+), //-f4* + CD20-TAM-Cre (fl/+), and /rf4"'' fl CD20-TAM-Cre (fl/fl) mice 
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Table 1. Frequencies of CD19+, MZ, FO, and eGFP+ B cells in the spleen of /rf4 f, ™ cd CD20-TAM-Cre mice at days 11-14 after TAM 
administration 



Genotype 




°/o CD19 + cells 


Among CD19 + cells 


°/o eGFP + CD19 + cells 


°/o eGFP + 


B cells 








% MZ 


°/o FO 




Among MZ 


Among FO 


/rf4 +/+ CD20-TAM-Cre 
/7f4"/ + CD20-TAM-Cre 
/rf4 fl / fl CD20-TAM-Cre 


[n = 4) 
(n-8) 
(n-6) 


45.6 ± 5.2 
39.3 ± 7.2 
42.1 ± 5.5 


8.5 ± 1.2 
10.2 ± 1.6 
8.4 ± 1.2 


79.8 ± 3.0 
75.4 ± 4.2 

74.9 ± 2.6 


1.7 ± 0.5 
49.9 ± 6.6 
54.1 ± 12.4 


56.5 ± 8.0 
60.5 ± 10.2 


55.6 ± 4.1 
58.2 ± 10.1 



/rf4-deleted B cells show differential expression 
of genes with functions in trafficking 

To identify genes contributing to the altered migratory prop- 
erties of IRF4-deficient B cells, we performed gene expression 
profiling (GEP) analysis of B cells from the spleens of iff4~ f ~ and 
ir[4 +/+ mice. Having established B cell autonomy of the ob- 
served migratory phenotype (Fig. 2), we performed molecu- 
lar analysis on IRF4-deficient B cells using constitutional 
!rf4-deleted mice, as this allowed us to purify large numbers 
of B cells by magnetic cell separation, which is less harsh for 
the cells than flow sorting. Supervised analysis identified 
changes in the expression of 86 genes (68 up- and 18 down- 
regulated) in irf4 _/ ~ versus irf4 +/+ B cells, which were orga- 
nized into putative functional categories (Fig. 3 A). Compared 
with a published GEP analysis of MZ versus FO B lympho- 
cytes (Kin et al., 2008), 11 of the 86 differentially expressed 
genes showed the same trend of expression in irf4~ / ~ versus 
irf4 +/+ B cells (underlined in Fig. 3 A), indicating that the IRF4 
signature in quiescent mature B cells comprises a subset of 
genes that is differentially expressed in MZ and FO B cells. 

A particularly relevant finding with regard to the observed 
migratory phenotype was the enrichment in genes with 
known functions in cell migration and homing that were al- 
tered in expression in B cells from IRF4-deficient mice. 
mRNAs encoding two such genes were down-regulated in 
IRF4-deficient compared with wild-type B cells, namely 
regulator of G-protein signaling 13 (RGS13), which damp- 
ens the B cell response to chemokines (Shi et al., 2002), and 
the activated leukocyte cell adhesion molecule (ALCAM/ 
CD 166), which controls migration processes in various cell 
types (Cayrol et al., 2008) and which is down-regulated in 
MZ versus FO B cells (Kin et al, 2008). Conversely, mRNAs 
encoding Plexin-Dl (PLXND1), a semaphorin receptor in- 
volved in the migration of activated B cells (Holl et al., 2011), 
and CXCR7, a CXCL12 receptor which promotes B cell 
localization and retention in the MZ (Wang et al., 2012), 
were up-regulated in IRF4-deficient B cells. The differential 
expression of these genes was confirmed by quantitative 



RT-PCR (qRT-PCR; Fig. 3 B). The results were confirmed 
by flow cytometric analysis for ALCAM and CXCR7, for 
which antibodies were available (Fig. 3 C). 

In the stringent supervised analysis, genes differentially 
expressed between irf4~ / ~ and irf4 +/+ B cells at a lower fold 
difference may have escaped detection. To further explore the 
molecular basis for the accumulation of /(/^-deleted B cells in 
the MZ, we therefore analyzed the expression pattern of mol- 
ecules known to regulate the positioning of B cells in the 
MZ. First, we performed flow cytometric analysis for the in- 
tegrins a L (3 2 (LFA-1) and ol$i (VLA-4) , which are expressed 
at elevated levels on MZ B cells, mediating their retention 
in this microenvironment (Lu and Cyster, 2002). We found 
that the expression of integrin chains ct L and (3i was increased 
on IRF4-deficient MZ and FO B cells compared with their 
wild-type counterparts (Fig. 4 A); a 4 expression was up- 
regulated on the cell surface of MZ B cells from irf4~'~ versus 
irf4 +/+ mice (Fig. 4 A). The elevated expression of these inte- 
grin chains on the cell surface of IRF4-deficient B cells may 
promote their retention in the MZ by increasing the adhe- 
siveness of these cells through binding to their respective li- 
gands, as described previously (Lu and Cyster, 2002). Second, 
we determined the mRNA expression levels of cannabinoid 
receptor 2 (CB2; Muppidi et al., 2011) and sphingosine-1- 
phosphate receptors 1 and 3 (SIP, and S1P 3 ; Cinamon et al., 
2004; Cyster and Schwab, 2012), which are involved in the 
positioning of B cells in the MZ. We did not detect differ- 
ences in CB2 and SIP, transcript levels between iVf4~ /_ and 
irf4 +/+ B cells (not depicted). Conversely, S1P 3 mRNA was 
2.3-fold up-regulated in IRF4-deficient versus wild-type 
B cells (Fig. 4 B).We were unable to determine S1P 3 cell sur- 
face expression because of the lack of a suitable reagent. How- 
ever, the elevated expression of S1P 3 mRNA in IRF4-deficient 
B cells would predict increased chemotaxis to sphingosine-1- 
phosphate (SlP).We therefore assessed the migratory response 
of irf4~ / ~ and irf4 +/+ B cells to SIP in a transwell assay and 
found that IRF4-deficient FO and MZ B cells showed a 
significantly increased chemotactic response compared with 



was calculated using the ImageJ software on three mice of each genotype from three independent experiments (+/+: 24 follicles; fl/+: 33 follicles; fl/fl: 
25 follicles). Data are shown as mean + SD. Statistical significance was determined by Student's ttest (**, P < 0.01). (D) IgM expression in splenic sections 
of CD20-TAM-Cre, //'f4' !/+ CD20-TAM-Cre, and /rf4" / "CD20-TAM-Cre mice was assessed by IHC. Boxes demarcate the area shown at higher magnification 
below. (B and D) Dashed lines demarcate the border between the F0 and MZ areas. (E) IgD and IgM expression in the spleen of CD20-TAM-Cre, /rf4 f,/+ CD20- 
TAM-Cre, and //f4 f(/f, CD20-TAM-Cre mice was analyzed by IHC. Dashed lines mark the inner and outer border of the MZ area. Bars: (B [left] and D [top]) 
500 pm; (B, right) 125 pm; (D [bottom] and E) 100 pm. 
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Figure 3. GEP analysis of IRF4-deficient and wild-type B cells. (A) RNA was isolated from splenic \tf4~l~ and irf4 +/+ B cells purified by magnetic 
cell separation and processed for hybridization on microarrays arrays (B cell fractions were isolated separately from four mice per genotype and indepen- 
dently processed for microarray hybridization). Gene expression differences between <7f4 +/+ and irf4~ f ~ B cells were determined by supervised analysis 
[n = 4 each group). Color changes within a row indicate expression levels relative to the mean of the sample population. Values are quantified by the 
scale bar that visualizes the difference in the z gc score (expression difference/SD) relative to the mean (0). Genes are ranked according to their z g score 
(mean expression difference of the respective gene between IRF4-deficient and wild-type samples/SD). The gene expression differences among the geno- 
types are shown in brackets and grouped according to functional or operational categories: [a] cytoskeleton/membrane function, [b] unknown, [c] cellular 
trafficking, [d] protein degradation, [e] transporter protein, [f] cell membrane protein, [g] metabolism, and [h] translation. Genes that showed the same 
trend of expression compared with a published GEP analysis of MZ versus F0 B cells are underlined. (B) Total RNA from irf4 +/+ and irf4~/~ splenic B cells 
was analyzed for expression of RGS13, ALCAM, CXCR7, and PLXND1 by qRT-PCR. The expression was corrected for E>-actin levels and then normalized to 
wild-type B cells. Data are shown as mean ± SD (n = 3, two independent experiments). Statistical significance was analyzed by Student's f test (**, P < 
0.01 ; ***, P < 0.001). (C) ALCAM and CXCR7 expression on lgM + splenic B cells from irf4 +/+ and irf4~ h mice was assessed by flow cytometry. Data are 
shown as mean + SD (n = 6, two independent experiments). Statistical significance was determined by Student's ttest (**, P < 0.01). 



the corresponding wild-type B cell subsets (3.0- or 2.3-fold in- 
crease over wild-type at 100 nM SIP, respectively; Fig. 4 C).The 
results suggest that deletion of irf4 promotes the migration of 
B cells to the MZ in response to SIP. Collectively, the differ- 
ential expression of genes with functions in cell trafficking and 
adhesion in the mature IRF4-deficient B cells may provide an 
explanation for their altered migratory and homing properties. 

IRF4-deficient B cells show increased 
activation of the NOTCH2 pathway 

The GEP analysis also revealed a significant up-regulation of 
the NOTCH target genes hes5 and dtxl (Saito et aL, 2003) in 
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the IRF4-deficient as compared with wild-type B cells (4.1- 
and 2.7-fold, respectively; Fig. 3 A), which was confirmed by 
qRT-PCR (5.2- and 2.4-fold; Fig. 5 A). This finding was in- 
dicative of increased activation of the NOTCH pathway in 
iyf4 _/ ~ B cells and prompted us to examine the expression and 
activation status of NOTCH receptors in those cells. mRNA 
encoding NOTCH3 and NOTCH4 was not detectable in 
iif4~'~ and irf4 +/+ B cells (not depicted), and no significant dif- 
ferences in the mRNA levels of NOTCH1 or the amount of 
the active form of NOTCH1 protein (not depicted) were 
observed among the genotypes. However, Western blot analy- 
sis showed that NOTCH2 protein expression was strongly 
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Figure 4. Analysis for the expression of molecules associated with MZ localization on B cells of IRF4-deficient and wild-type mice. 

(A) Expression of integrins a L , £> 2 , a 4 , and [5, on MZ and F0 B cells from /7f4 +/+ and \rf4~ 1- mice was assessed by flow cytometry. MZ and F0 gates 
are indicated on the corresponding dot plots. Numbers on plot (top, /7f4~ /_ ; bottom, irf4 +/+ ] show average mean fluorescence intensity (MFI) 
value + SD (n = 3, two independent experiments). Statistical significance was determined by Student's t test (*, P < 0.05; **, P < 0.01 ; ***, P < 0.001). 

(B) S1 P 3 expression in /rf4 +/+ and irf4~/~ splenic B cells was assessed by GEP. Data are shown as mean ± SD {n = 4, as in Fig. 3 A). Statistical sig- 
nificance was determined by Student's t test (***, P < 0.001). (C) The chemotactic response of irf4+ /+ and irf4~ , ~ MZ and F0 B cells to S1 P was 
determined by enumerating splenic cells transmigrated for 3 h across uncoated 5-um transwells to S1 P or media and by analyzing them for CD 1 9, 
CD21, and CD23 expression by flow cytometry. Chemotactic response is presented as migration index (percentage of input cells that migrated to 
the lower chamber). Data represent mean ± SD {n = 3 for 0 and 100 nM; n = 2 for 10 nM; three independent experiments). Statistical significance 
is shown for results obtained with 100 nM S1P and was determined by Student's t test (**, P < 0.01 ; ***, P < 0.001). 



up-regulated in irf4~'~ versus wild-type B cells (Fig. 5 B; the 
band at 80 kD is likely to be unspecific), and flow cytometric 
analysis demonstrated increased cell surface expression of 
NOTCH2 on both FO and MZ B cell subsets of irf4~ y ~ 
compared with irf4 +/+ mice (Fig. 5 C).The elevated amounts 
of NOTCH2 protein in irf4~'~ B cells are not caused by 
changes in transcriptional activation because IRF4-deficient 
and wild-type B cells expressed similar amounts of NOTCH2 
mRNA (Fig. 5 D), suggesting the existence of posttranscrip- 
tional mechanisms. 

We then determined the activation status of NOTCH2 
in B cells from irf4~ f ~ and irf4 +/+ mice by analyzing nuclear 
translocation of NOTCH2 (Fig. 5, E and F). Western blot 
analysis of irf4^ / ^ and itf4 +/+ B cells revealed an increase in 
the expression of both cytosolic/membranous NOTCH2 
(the band above 250 kD in the C + M fraction is consistent 
with the 300-kD NOTCH2 precursor) and nuclear (i.e., ac- 
tive) NOTCH2 in IRF4-deficient compared with wild-type 
splenic B cells (Fig. 5 E). Of note, a lower molecular weight 
band was visualized by the Oi-NOTCH2 antibody in the nu- 
clear fractions but not in the cytosolic/ membranous fractions, 



consistent with the NOTCH2-intracellular (IC) domain that 
translocates to the nucleus upon proteolytic cleavage. These 
data indicate that irf4~'~ B cells have enhanced activation of 
NOTCH2, likely caused by the presence of an increased 
number of B cells expressing nuclear NOTCH2 in the spleen 
of irf4~'~ compared with wild-type mice (Fig. 5 F). 

To determine whether the accumulation of i>f4-deleted 
B cells m the MZ of /ff4^"CD20-TAM-Cre mice (see Fig. 2, 
B— E) is associated with the activation of the NOTCH2 path- 
way, we analyzed spleen sections for nuclear translocation of 
NOTCH2.We observed that the majority of B cells in the MZ 
area of i'ff4^CD20-TAM-Cre mice displayed nuclear NOTCH2 
(Fig. 5 G), demonstrating that NOTCH2 is indeed activated 
in these cells. Flow cytometric analysis detected up-regulation 
of NOTCH2 surface expression on eGFP + MZ B cells from 
!?f4WCD20-TAM-Cre versus ,' ? f^/+CD20-TAM-Cre mice 
(Fig. 5 H).The data suggest that in the absence of IRF4, en- 
hanced activation of NOTCH2, a known regulator of MZ 
B cell development (Saito et aL, 2003; Hampel et aL, 2011), may 
causally contribute to the altered migration/homing proper- 
ties of B cells that are reflected by their retention in the MZ. 
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Figure 5. Elevated activation of the NOTCH pathway in IRF4-deficient B cells. (A) /rf4 +/+ and \rf4~l~ splenic B cells were analyzed for expression of 
HES5 and DTX1 by qRT-PCR. The expression was corrected for p-actin levels and then normalized to wild-type B cells. Data are shown as mean ± SD (n = 3). 
Statistical significance was determined by Student's f test (*, P < 0.05; ***, P < 0.001). (B) N0TCH2 expression in irf4* l+ and irf4~l~ splenic B cells was analyzed 
by Western blot (whole cell lysates; one representative of three independent experiments). (C) N0TCH2 expression on MZ and F0 B cells from />f4 +/+ and 
hf4~l- mice was analyzed by flow cytometry (gates are indicated on the corresponding dot plots). Data are shown as average mean fluorescence intensity 
(MFI) value ± SD (n = 3; top, \rf4~l-\ bottom, /Vf4 +/+ ). Statistical significance was determined by Student's t test (*, P < 0.05; **, P < 0.01). (D) N0TCH2 mRNA 
expression in /7f4 +/+ and irf4~/~ splenic B cells was analyzed by qRT-PCR as described in A. Data are shown as mean + SD (n = 3). (E) N0TCH2 protein expres- 
sion in the cytosolic/membranous (C + M) and nuclear (N) protein fractions of /7f4 +/+ and \rf4~l~ B cells was determined by Western blot (one representative 
of two independent experiments). Lamin B1 and a-tubulin were used as loading controls for N and C + M fractions, respectively. (F) N0TCH2, M0MA1, and 
B220 expression in spleen sections from \rf4* ! * and irf4~/~ mice was analyzed by IF. Arrows indicate B220+ B cells expressing nuclear N0TCH2. One represen- 
tative mouse out of four per group is shown, (right) Specificity of the N0TCH2 staining was confirmed by isotype control staining on consecutive sections. 
(G) N0TCH2 and B220 expression in the spleen of /rf4 f '* , CD20-TAM-Cre and /rf4 fl / + CD20-TAM-Cre mice was analyzed by IF. Nuclei were stained with DAPI. 
Dashed lines mark the inner and outer border of the MZ area. Arrows indicate B220 + B cells expressing nuclear N0TCH2. One representative mouse per group 
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IRF4 exerts a suppressive function on the 
NOTCH pathway also in activated B cells 

Our findings suggest that IRF4 represses activation of the 
NOTCH2 pathway in quiescent mature B cells in vivo. 
Previous studies reported up-regulation of the NOTCH 
target gene hesl in B cells upon BCR-mediated stimulation 
in vitro (Nie et al., 2003) and synergism between NOTCH 
and BCR signaling (Thomas et al., 2007). To investigate 
whether IRF4 exerts a suppressive function on the NOTCH 
pathway also in activated B cells, we studied the relation- 
ship between IRF4 and NOTCH activation in irf4~'~ and 
irf4 +/+ B cells upon stimulation with signals that mimic 
a-IgM and a-CD40 activation (stimulation through the 
CD40 receptor was required during culturing to rescue irf4~'~ 
B cells from a-IgM— induced cell death [Mittriicker et al., 
1997]). Poor activation of NOTCH2 was observed in either 
genotype (not depicted). However, combined a-IgM and 
a-CD40 treatment induced activation of NOTCH1 in both 
irf4 +/+ and irf4~'~ B cells, with a dramatically increased amount 
of the active form of NOTCH1 protein (NOTCH1-IC) 
in the IRF4-deficient relative to wild-type B cells (Fig. 5 I). 
In contrast, NOTCH1-IC was not detectable in B cells cul- 
tured in medium only, and CD40 stimulation alone did not 
induce NOTCH 1 activation (Fig. 5 I). These findings re- 
veal that BCR stimulation activates NOTCH1 and provide 
evidence that IRF4 down-modulates NOTCH 1 signaling 
in activated B cells. 

We then looked for possible posttranscriptional mech- 
anisms that may account for the elevated amounts of NOTCH 
proteins in IRF4-deficient B cells. We did not observe down- 
regulation of microRNAs known or predicted to regulate 
NOTCH expression (including members of miR-34, miR- 
181,miR-107, miR-9, and miR-18 families) among ;Vf4 _/ ~ and 
wild-type B cells (not depicted), arguing against a microRNA- 
associated dysregulation of NOTCH expression in IRF4- 
deficient B cells. The ubiquitin ligase FBXW7 targets NOTCH 
for proteasomal degradation (Aifantis et al, 2008; Welcker 
and Clurman, 2008). We observed ^30% reduction of FBXW7 
mRNA levels in \rf4^ H versus irf4 +/+ B cells (Fig. 5 J); how- 
ever, we were unable to quantify FBXW7 protein levels in 
those cells, as suitable reagents are not yet available. In sum- 
mary, we observed that IRF4 deficiency was associated with 
enhanced NOTCH2 and NOTCH 1 activation in quiescent 
and BCR-stimulated B cells, respectively, suggesting a gen- 
eral role for IRF4 in the repression of the NOTCH path- 
way in mature B cells. 



Retention of IRF4-deficient B cells in 
the MZ is dependent on N0TCH2 signaling 

To determine whether the accumulation of i7f4-deleted 
B cells in the MZ of irf^CDlQ-TAM-Cre mice (see Fig. 2, 
B— E) is dependent on the activation of the NOTCH2 path- 
way (see Fig. 5, E— G), we analyzed the topography of the 
MZ and FO areas in mice where the activation of NOTCH2 
was inhibited in vivo by administration of a therapeutic 
monoclonal antibody that stabilizes the quiescent conforma- 
tion of the negative regulatory region of NOTCH2 (anti- 
negative regulatory region 2 antibody [a-NRR2; Wu et al., 
2010]). We administered a-NRR2 as a single dose at day 11 
after the lastTAM injection, i.e., when IRF4-deficient B cells 
have already accumulated in the MZ. The results showed 
that within 72 h, a-NRR2 effectively reverted the accumu- 
lation of B cells in the MZ of iVf4"^CD20-TAM-Cre mice, 
whereas treatment with an irrelevant isotype-matched anti- 
body had no effect (Fig. 6 A). 

To determine whether the a-NRR2— induced dissolu- 
tion of the MZ in i'(f4 /!/ -' i CD20-TAM-Cre mice was caused 
by the mobilization as opposed to the disappearance of if 4- 
deleted B cells, we performed flow cytometric analysis of 
splenic B cells for eGFP in combination with B cell markers 
discriminating MZ and FO B cells. We observed that both 
eGFP + and eGFP - CD21 lu CD23" MZ B cells were depleted 
from the spleen after a-NRR2 administration, whereas the 
fractions of CD21 mt CD23 + FO B cells showed no significant 
differences among the genotypes and between a-NRR2 and 
control antibody treatment (Fig. 6 B and Table 2). Specifi- 
cally, the percentage of eGFP + B cells was not significantly 
reduced after a-NRR2 treatment in both i'r/"4 /!/ - /f CD20- 
TAM-Cre and ;>f4' J/+ CD20-TAM-Cre mice. In addition, 
FO B cells were detectable at comparable fractions in both 
genotypes, and the percentages of eGFP + FO B cells did not 
differ significantly among the /f/4' , ^ i CD20-TAM-Cre and 
;ff4 7)/+ CD20-TAM-Cre mice upon a-NRR2 and control 
antibody treatment (Fig. 6 B and Table 2). Thus, the a-NRR2 
treatment did not affect the fraction of i>f4-deleted FO B cells 
in the spleen, suggesting that the cells relocalized from the 
MZ to the FO area. 

In summary, these data show that MZ B cells, indepen- 
dent of their iff 4 deletion status, were depleted from the 
spleen, whereas i7f4-deleted FO B cells underwent relocali- 
zation within the splenic microenvironment, presumably by 
trafficking back to the FO area. The abihty of NOTCH2 
inhibition to displace B cells from the MZ after they have 
accumulated suggests that B cells require continuous, active 
NOTCH2 signaling for their retention in the MZ area. 



is shown (/7f4 f ' /f, CD20-TAM-Cre: n = 6; /W /+ CD20-TAM-Cre: n = 8; four independent experiments). (F and G) Bars, 50 urn. (H) NOTCH 2 expression on eGFP+ MZ 
B cells of /Vf4"''' :, CD20-TAM-Cre and /rf4 fl/+ CD20-TAM-Cre mice was analyzed by flow cytometry. Values on plot indicate average MFI value ± SD (n = 3-4, two 
independent experiments; top, /Vf4 w '; bottom, //f4 f,/+ ). The statistical significance was determined to be P = 0.06 by Student's f test. (I) \rf4* ! * and irf4~/~ 
splenic B cells were stimulated with a-CD40 alone or in combination with a-IgM for 48 h, and N0TCH1 activation was assessed by Western blot. Control cells 
(CNTRL) were cultured for 4 h in medium only. The figure shows one representative of three independent experiments. (J) FBXW7 expression in /7f4 +/+ and 
M4r ! ~ splenic B cells was assessed by GEP. Data are shown as mean ± SD (n = 4). Statistical significance was determined by Student's f test (**, P < 0.01). 



JEM Vol. 210, No. 13 



2895 



JEM 



igG 



a-NRR2 



H&E 



eGFP IgM 



H&E 



eGFP IgM 




B igG 



jrf4 m irf4 m 
CD20-TAM-Cre CD20-TAM-Cre 



FO B cells 




a-NRR2 



CD21 

irf4 nl * 
CD20-TAM-Cre 



eGFP- 



irf4 m 
CD20-TAM-Cre 



FO B cells 




Figure 6. Disappearance of B cells from the 
MZ of /rf4 fl/fl CD20-TAM-Cre mice upon inhi- 
bition of N0TCH2 activation. /rf4* + CD20-TAM- 
Cre and /W/ f 'CD20-TAM-Cre mice were treated 
with TAM (days 0-2) followed by a single dose of 
a-NRR2 (or IgG, day 13) and analyzed 72 h after 
antibody administration. Data show results from 
one representative mouse out of four (four inde- 
pendent experiments). (A) Spleen sections from 
/rf 4 fl/+CD20-TAM-Cre and /rf4"/ f, CD20-TAM-Cre 
mice were stained with H&E or analyzed for ex- 
pression of eGFP and IgM after in vivo treat- 
ment with IgG or a-NRR2 antibody. Bar, 500 pm. 
(B) CD21 and CD23 expression by CD19+ splenic 
B cells of /rf4"/ + CD20-TAM-Cre and ;'rf4 fl /' i CD20- 
TAM-Cre mice was assessed by flow cytometry 
after in vivo treatment with IgG or a-NRR2 anti- 
bodies. Numbers above gates indicate percentage 
of CD23+CD21 int FO and CD23~CD21 hi MZ B cells. 
Right plots show histogram of eGFP expression 
by splenic FO B cells of /rf4 f,/+ CD20-TAM-Cre (blue 
lines) and /rf4 f,/fl CD20-TAM-Cre (red lines) mice. 
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To investigate whether a-NRR2— induced dissolution of the 
MZ is indeed causally linked with inhibition of NOTCH2 ac- 
tivation in B cells, we determined the NOTCH2 activation 
status in B cells of oi-NRR2— treated irf4~'~ mice in the MZ 
area shortly after antibody administration (12 and 24 h; Fig. 7 A). 
The results showed that inhibition of NOTCH2 activation 
induced a dramatic decrease of nuclear NOTCH2 localiza- 
tion in B cells as early as 12 h, which was not observed in 
the IgG control treatment (Fig. 7 A). Thus, the dissolution of 
the MZ is preceded by the inhibition of NOTCH2 signaling 
in B cells. 

Continued NOTCH2 signaling is required 
for the retention of B cells in the MZ area 

The observation that NOTCH2 activation was rapidly in- 
hibited upon a-NRR2 treatment (Fig. 7 A) and that the MZ 
area was entirely devoid of B cells 72 h after a single a-NRR2 
injection (Fig. 6 A) led us to determine the kinetics of 
a-NRR2-induced MZ dissolution within the 12—72 h time 
window. Flow cytometric analysis of spleens from wild-type 
mice treated with a-NRR2 showed a progressive decrease in 
the percentage of MZ B cells, reaching 50% depletion 24—36 h 



after treatment and a complete depletion between 48 and 
72 h (Fig. 7 B, top). In accordance, IHC analysis revealed 
that the MZ B cell rim showed a progressive disruption (see 
24-h time point) until becoming almost undetectable at 
48 h (Fig. 7 C). 

To elucidate the basis for the disappearance of MZ 
B cells upon ot-NRR2 treatment, we first assessed by TUNEL 
staining (that detects apoptosis-associated DNA fragmenta- 
tion) whether treated mice showed in situ cell death of MZ 
B cells at time points 24, 36, and 48 h.We observed only rare 
TUNEL + IgM + B cells in the MZ area after a-NRR2 ad- 
ministration, similar to IgG-treated controls (not depicted), 
indicating that in situ cell death of a-NRR2— treated MZ 
B cells within the MZ does not represent the major mech- 
anism for their disappearance. To determine whether 
a-NRR2— treated MZ B cells may egress into the peripheral 
blood, we analyzed the circulating B cell compartment of 
treated and control mice within a 12— 72-h time window 
(Fig. 7 B, bottom) . The results showed that B cells with a 
MZ B cell immunophenotype were transiently detectable in 
the blood of treated mice, peaking at ^2.4% (P < 0.01) of 
peripheral blood B cells 36 h after antibody administration 
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Table 2. Frequencies of eGFP+ and FO B cells in the spleen of /'/f4 fto<cd CD20-TAM-Cre mice 72 h after a-NRR2 treatment 



Genotype 


Treatment 


% eGFP + CD19 + cells 


°/o FO (among CD19+ cells) 


°/o eGFP + B cells (among FO) 


/(f4 fl /+CD20-TAM-Cre 


IgG (n = 4) 


51.4 ± 2.6 


76.4 ± 3.6 


54.9 ± 2.9 




a-NRR2 (n = 4) 


44.0 ± 6.0 


88.1 ± 3.0 


48.3 ± 5.8 


/7f4 fl /"CD20-TAM-Cre 


IgG (n = A) 


59.1 ±11.7 


73.9 ± 5.2 


62.0 ± 10.4 




a-NRR2 [n = 4) 


49.6 ± 4.8 


85.3 ± 3.0 


55.4 ± 4.8 



before reaching pretreatment levels of ^1% at 72 h (Fig. 7 B). 
Those cells may be quickly cleared from the circulation by 
phagocytic macrophages as described for GC B cell death 
and for glucocorticoid-induced thymocyte death (Nakamura 
et al., 1996, 1997). Alternatively, the cells may have aber- 
rantly lodged in other organs or changed their immunophe- 
notype. However, whereas it has been firmly established that 
MZ B cells can be replenished from FO-type B cells (Pillai 
and Cariappa, 2009), there is no evidence for a similar plas- 
ticity of MZ B cells. 

DISCUSSION 

Here we identified a novel biological function for the tran- 
scription factor IRF4 in the homeostasis of the mature B cell 
repertoire and in the regulation of the NOTCH pathway. 
We found that inducible deletion of irf4 in quiescent mature 
B cells led to aberrant accumulation of FO B cells in the MZ 
area. The retention of irf- 4-deficient B cells in the MZ was as- 
sociated with elevated protein expression and activation of 
NOTCH2. Inhibition of NOTCH2 activation m vivo with 
a NOTCH2-inhibitory antibody reversed the aberrant accu- 
mulation of FO B cells in the MZ area. In addition, we observed 
that MZ B cells rapidly disappeared from the spleen and pe- 
ripheral blood within a few days after NOTCH-inhibitory 
antibody administration. Our results identify a previously 
unrecognized role for IRF4 in quiescent mature B cells in 
addition to providing new insights into the dependence of 
MZ B cells on NOTCH2 signaling. 

Deletion of irf4 leads to the accumulation of FO B cells in 
the MZ area. IRF4 may control B cell positioning by regu- 
lating the expression of genes that have been associated with 
the trafficking of MZ B cells, including ALCAM/CD166, 
CXCR7, integrin chains ot L and Pj, and S1P 3 receptor. 
Moreover, the morphology of the white pulp and the dy- 
namics of MZ and FO B cell movements (Anion et al., 2013) 
provide a conceivable explanation for the accumulation of 
(Vf4-deleted FO B cells in the MZ area as the result of aber- 
rant NOTCH2 activation. The MZ is the site of entry and 
egress of cells from the spleen. FO B cells transit from the 
follicle to the MZ and are released through the red pulp into 
the bloodstream because of their low capacity to adhere to 
stromal cells (Arnon et al., 2013). Recirculating FO B cells 
exit the bloodstream through fenestrations in the red pulp 
venules; however, unlike MZ B cell precursors, FO B cells 
may be insensitive to DLLl-mediated signaling and move across 
the marginal sinus into the follicle (Pillai and Cariappa, 2009) 
at a surprisingly high rate (Arnon et al., 2013). The aberrantly 



elevated levels of NOTCH2 protein in IRF4-deficient FO 
B cells may lead to DLLl-mediated activation of NOTCH2 
signaling that is sufficient to temporarily retain those cells in 
the MZ during their entry or egress from the spleen. The 
importance of NOTCH2 signaling in this process is demon- 
strated by the rapid egress of these cells from the MZ area 
upon inhibition of NOTCH2 activation. It is possible that 
similar to the FO B cells, deletion of irf4 in MZ B cells of 
i'if4' i ^ i CD20-TAM-Cre mice could lead to an increased MZ 
accumulation also of those cells because in normal mice, a 
sizable fraction of MZ B cells temporarily localize in the 
FO area while shuttling back and forth between the zones 
(Cinamon et al., 2008; Arnon et al., 2013). The precise mech- 
anism of how IRF4 down-modulates NOTCH2 activation 
requires further study, although our results indicate a post- 
transcriptional regulatory mechanism. 

Genetic manipulation in mouse models has firmly estab- 
lished a role for NOTCH2 in the generation of MZ B cells 
(Saito et al., 2003; Hampel et al., 2011). Initial evidence that 
NOTCH2 signaling may also be required for the mainte- 
nance of MZ B cells stems from two observations. First, 
treatment of mice with an anti-DLLl antibody that blocks 
the NOTCH2-DLL1 interaction led to a gradual depletion 
of MZ B cells from the spleen ultimately showing a fivefold 
reduction in MZ B cell numbers after 4 wk (Moriyama et al., 
2008). A recent study using a different anti-DLLl monoclo- 
nal antibody observed an almost complete absence of MZ 
B cells in the spleen after 14 d of treatment, whereas anti-DLL4 
administration had no effect (Trail et al., 2013). Second, re- 
peated injections of mice with a NOTCH2 inhibitory anti- 
body over 2 wk led to the disappearance of preexisting MZ 
B cells from the spleen (Wu et al., 2010). Strikingly, we here 
found that NOTCH2 inhibition caused a rapid depletion of 
B cells from the MZ area that was detectable as early as 24 h 
after antibody treatment and virtually completed by 48 h. 
The rapid egress of MZ B cells was preceded by the inhibi- 
tion of nuclear translocation of NOTCH2, drawing a causal 
link between active NOTCH2 signaling and the retention of 
B cells in the MZ. 

The MZ egress was accompanied by a transient MZ 
B cell lymphocytosis in the peripheral blood. A rapid dis- 
placement of B cells from the MZ leading to a marked lym- 
phocytosis in the blood has previously been observed shortly 
(3 h) after antibody-mediated inhibition of the integrins 
LFA-1 and ct 4 Fjj that are required for MZ retention through 
ICAM-1- and VCAM-l-mediated adhesion (Lu and Cyster, 
2002). We propose that NOTCH2 may control a biological 
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Figure 7. Rapid disruption of the splenic MZ area upon in vivo treatment with a-NRR2 antibody. (A) irf4~l~ mice were injected with a-NRR2 (12 and 
24 h) or IgG (24 h) antibodies, and N0TCH2 and B220 expression in spleen sections was assessed by IF. Nuclei were stained with DAPI. Dashed lines demarcate the 
border between the FO and MZ areas. Arrows indicate B220+ B cells expressing nuclear N0TCH2. One representative mouse out of two per group is shown (two 
independent experiments). Boxes demarcate the area shown below. (B) Wild-type mice were injected with a-NRR2 antibody (or IgG control), and CD21 and CD23 
expression on CD19+ splenic (top) or peripheral blood (bottom) B cells was analyzed by flow cytometry at the indicated time points after antibody injection. Num- 
bers above gates indicate percentage of CD23~CD21 hl,+ B cells. Graphs show mean value ± SD of CD23~CD21 hl ' + B cells in the spleen and in the peripheral blood of 
wild-type mice at the indicated time points [n = 4, four independent experiments). Statistical significance was analyzed by Student's f test (*, P < 0.05; **, P < 0.01; 
***, P < 0.001). (C) Wild-type mice were treated as in B, and IgM expression in the spleen was assessed by IHC. One representative mouse out of four per group 
is shown (four independent experiments). Bars: (A, top) 100 urn; (A, bottom) 50 urn; (C, top) 1,000 pm; (C, middle) 400 pm; (C, bottom) 200 pm. 
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program that mediates the retention of B cells in the MZ. As 
a direct consequence of NOTCH2 inhibition, B cells may 
lose their adhesive properties and are flushed out of the MZ 
into the peripheral blood, as observed after integrin inhibi- 
tion (Lu and Cyster, 2002). A further similarity between the 
NOTCH2 and integrin inhibition studies is the lack of de- 
tectable MZ B cells in the spleen and blood at day 3 or 4, re- 
spectively. We were unable to determine whether the rapid 
displacement of B cells from the MZ upon NOTCH2 inhi- 
bition was followed by cell death and eventual clearance of 
MZ B cells from the lymphoid system. However, our find- 
ings are compatible with the notion that the maintenance 
of MZ B cells may require positioning in the MZ microen- 
vironment where the cells receive prosurvival signals from 
stromal cells. 

Our findings may be relevant to the pathogenesis of ma- 
ture B cell malignancies displaying dysregulated IRF4 and/ or 
NOTCH activity. First, splenic MZ lymphoma (SMZL), a 
B cell malignancy of antigen-experienced B lymphocytes, 
has recently been demonstrated to carry recurrent mutations 
in the NOTCH2 gene that lead to stabilization of the active 
form of the protein (Kiel et al., 2012; Rossi et al., 2012). 
Second, in CLL, IRF4 is the susceptibility gene with the 
strongest risk association (Di Bernardo et al., 2008; Crowther- 
Swanepoel et al., 2010), and CLL cells are generally charac- 
terized by reduced IRF4 expression compared with normal 
B cells (Tsuboi et al, 2000; Brown et al., 2012; and GEP 
data published in Klein et al. [2001]). Of note, a recent 
study observed a relationship between low expression levels 
of IRF4 and the development of CLL in mice (Shukla et al., 
2013). Third, CLL cells show constitutive activation of 
NOTCH1 and NOTCH2 receptors (Rosati et al, 2009, 
2013) and stabilization of the active form of NOTCH 1 
caused by genetic alterations in a subset of cases (Fabbri 
et al., 2011; Puente et al., 2011). We here obtained evidence 
for BCR-associated NOTCH1 activation in mature B cells 
(Fig. 5 I). In the light of the recent demonstration of 
NOTCH 1 recruitment to the immunological synapse after 
TCR activation (Guy et al., 2013), our results raise the pos- 
sibility that also in B cells, NOTCH1 signaling may be acti- 
vated via the antigen receptor. This may have implications 
for the pathogenesis of CLL, which is characterized by 
chronic BCR stimulation (Stevenson and Caligaris-Cappio, 
2004). CLL cells are also dependent on the tumor microen- 
vironment for their growth and survival (Ghia et al., 2008; 
Burger et al., 2009). Based on our in vivo results, we pro- 
pose that alterations in the balance of the transcriptional net- 
work established by IRF4 and NOTCH2 may disrupt the 
normal migration and homing properties of B cells and 
thereby lead to aberrant positioning of the transformed CLL 
B cells in a lymphoid microenvironment that supports sur- 
vival. In line with this notion, a pathogenic role for the aber- 
rant retention of CLL cells in the lymphoid organs is strongly 
implied by the recent findings that BCR inhibitors work in 
part via tissue mobilization of CLL cells (Hoellenriegel et al., 
2011; Ponader et al., 2012). In SMZL, the stabilized active 



form of NOTCH2 may favor the accumulation and reten- 
tion of transformed B cells in the MZ. Interfering with 
NOTCH2 activation could mobilize the CLL and SMZL 
tumor cells from the lymphoid tissues and potentially in- 
crease the efficacy of chemotherapeutic agents. 

MATERIALS AND METHODS 

Mice. irf4~'~ and irffl 0 *** mice were generated as previously described (Klein 
et al., 2006) and backcrossed to C57BL/6 mice (n > 10). CD20-TAM-Cre 
mice (C57BL/6 background) were generated from a transgenic mouse line 
obtained by inserting an IRES-TAM-Cre cassette into the 3' UTR of the 
hCD20 locus contained in the 158-kb BAC RP11-729B4 using homologous 
recombination (Khalil et al., 2012). Using a Rosa26-YFP reporter mouse, it 
was determined that 24 h after the final TAM administration (0.15 mg/g for 
three consecutive days; Sigma-Aldrich), 88% of B cells converted to YFP ex- 
pression. Mice were housed and treated in compliance with the US Depart- 
ment of Health and Human Services Guide for the Care and Use of Laboratory 
Animals and according to the guidelines of the Institute of Comparative Medi- 
cine at Columbia University. The animal protocol was approved by the Insti- 
tutional Animal Care and Use Committee of Columbia University. 

Murine cell preparation. Spleen and peripheral blood were collected from 
mice and single-cell suspensions were subjected to hypotonic lysis. For in vitro 
experiments (cell culture, Western blot, and RNA isolation), CD19 + B cells 
from spleen were enriched by magnetic depletion of non— B cells using the 
MACS B cell isolation kit (Miltenyi Biotec) . 

Flow cytometry. The following antibodies and labels were used on single-cell 
suspensions from mouse spleen and/ or peripheral blood: peridinin chlorophyll 
protein cyanine 5.5-conjugated anti-CD19 (clone 1D3), FITC-conjugated anti- 
IgM, allophycocyanin-conjugated anti-CD21 (7G6), and PE-conjugated 
anti-CD23 (B3B4; all BD); PE-conjugated anti-CXCR7 and PE-conjugated 
anti-ALCAM (R&D Systems); and PE-conjugated anti-a L (M17/4), PE- 
conjugated anti-a 4 (9C10), PE-conjugated anti-pit (HMfil-1), PE-conjugated 
anti-0 2 (M18/2), PE-conjugated anti-NOTCH2 (HMN2-35), and the cor- 
responding PE-conjugated isotype controls (all BioLegend). Data were 
acquired on a FACSCalibur (BD) using CELLQuest or CELLQuest Pro 
software (BD); data were analyzed using CELLQuest Pro. eGFP + B cells were 
isolated from the spleen by flow cytometry on a FACSAria (BD) after mag- 
netic enrichment of B cells. 

Immunofluorescence (IF). 3-p.m-thick frozen sections were fixed with 
4% paraformaldehyde. Nonspecific binding was blocked with 3% BSA in 
PBS solution plus 0.2% tween (PBST) or with 0.2% fish gelatin (for primary 
goat antibodies). Signal from endogenous biotin was blocked (avidin/biotin 
blocking kit; Vector Laboratories). Slides were incubated overnight with the 
following primary antibodies: biotin-conjugated anti-B220 (BD), rabbit 
anti-NOTCH2 (D76A6; Cell Signaling Technology) or rabbit IgG (Sigma- 
Aldrich), and goat anti— CD3-£ (M-20; Santa Cruz Biotechnology, Inc.). 
The slides were then washed and the following secondary antibodies were 
used: cyanin 3— conjugated anti— goat or anti— rabbit IgG (Jackson Immuno- 
Research Laboratories, Inc.) and Alexa Fluor 350-conjugated or fluorescein- 
conjugated NeutrAvidin (Life Technologies). The sections were then either 
stained with FITC-conjugated anti-CD169 antibody (MOMA1; AbD Sero- 
tec) and mounted with Gold-Fade (Molecular Probes) or mounted and 
counterstained with DAPI (Molecular Probes). The images were acquired as 
monochromatic JPEG files by means of a Spot2 charge-coupled device cam- 
era (Diagnostic Instruments) mounted on an Eclipse E400 microscope 
(Nikon). The monochromatic images were merged in three-color images 
with Photoshop (Adobe Systems). Pictures were acquired using magnifica- 
tions of 10, 20, and 40. 

Histology and IHC. 3-p.m-thick formalin-fixed, paraffin-embedded 
spleen sections were stained with hematoxylin and eosin (H&E). IHC was 
performed on paraffin-embedded sections except for the IgM/IgD staining 
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(frozen sections). Paraffin- embedded sections were dewaxed, antigen re- 
trieved in 1 111M EDTA, and peroxidase inhibited as described previously 
(Ye et al., 1997; Cattoretti et al., 2005). Optimal cutting temperature com- 
pound (OCT)— embedded frozen sections were fixed with acetone. Endoge- 
nous HRP was quenched with 3% hydrogen peroxide solution and slides 
were blocked in 3% BSA in PBST plus 3% goat serum. The following pri- 
mary antibodies were incubated overnight: anti-GFP rabbit antibody (Mo- 
lecular Probes), anti— Ki-67 rabbit antibody (Thermo Fisher Scientific), and 
biotin-conjugated anti-IgD antibody (SouthernBiotech). Slides were then 
washed and counterstained with HRP-labeled anti— rabbit polymer (DAKO) 
or HRP-conjugated Streptavidin (Vector Laboratories), followed by AEC 
color development. Sections were counterstained with hematoxylin or 
stained with alkaline phosphatase— conjugated IgM antibody (Southern- 
Biotech), followed by development in nitro blue tetrazolium chloride— 
5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP; Roche). TUNEL 
staining was performed with the in situ cell death detection kit POD (Roche) 
according to manufacturer's instructions and followed by and -IgM staining. 
The images were acquired by means of a Digital Sight camera (Nikon) 
mounted on an Eclipse E600 microscope (Nikon). Pictures were acquired 
using magnifications of 4, 10, 20, and 40. Quantitative analysis on images 
was performed using the ImageJ software (1.46r; National Institutes of 
Health) by measuring the mean ratio between the area of the splenic MZ and 
the lymphoid follicle. 

GEP analysis. RNA was isolated using TRIzol (Invitrogen) from B cells pu- 
rified by magnetic cell separation from irf4 -/ ~ and irf4 +/+ mice. Preparation of 
labeled cRNA was performed as described previously (Klein et al., 2001). Four 
independent samples of each genotype were hybridized to Mouse Genome 
430 2.0 Arrays (Afrymetrix) according to the manufacturer's recommenda- 
tions. For supervised data analysis, we used a pattern discovery-based gene 
expression analysis tool as described previously (Klein et al., 2001). Microarray 
data are available through GEO accession no. GSE51932. 

qRT-PCR. After TRIzol extraction, RNA was reverse transcribed into 
cDNA (Verso cDNA synthesis kit; Thermo Fisher Scientific). qRT-PCR 
was performed on the 7500 Real Time PCR System (Applied Biosystems) 
using the Absolute Blue QPCR Sybr low ROX Mix (Thermo Fisher Scien- 
tific). For primer sequences, see Table SI. Output data were analyzed with 
the SDS software (vl.4; Applied Biosystems). mRNA levels were normal- 
ized on the expression of P-actin, and wild-type B cells were used as calibra- 
tor sample. The results are presented as ratio between normalized expression 
of the gene of interest in the target and in the calibrator samples. 

Chemotaxis assay. Splenic single-cell suspensions were subjected to red 
blood cell lysis and incubated for 40 min at 37°C in RPMI medium contain- 
ing 10 mM Hepes and 2% fatty acid— free BSA in a water bath to desensitize. 
For chemotaxis assays, cells transmigrated for 3 h across uncoated 5-u.m tran- 
swell filters (Corning) to SIP (Sigma -Aldnch) or media in the bottom cham- 
ber and were enumerated by collecting events for a fixed time (60 s) on a 
FACSCalibur. To determine the migration index of FO and MZ B cells, a 
fraction of cells recovered from the lower chamber was stained for CD 19, 
CD21, and CD23 and analyzed by flow cytometry. Transwell assays were 
performed in duplicates or triplicates for each condition. 

Cell lysis and Western blot analysis. Nuclear extracts were prepared ac- 
cording to a previously published protocol (Dommguez-Sola et al., 2007), 
with minor modifications. The cytosolic and membranous fraction was ex- 
tracted upon incubation of the cells with 10 volumes of cytosol hypotonic 
buffer containing 0.5% NP-40 and spinning (1,500 rpm, 30 s; Eppendorf 
541 7R table-top centrifuge). The nuclear fraction was loaded on a 0.32 M 
sucrose solution to remove residues of membrane proteins and then washed 
in cytosol hypotonic buffer containing 0.5% NP-40. The nuclear pellet 
was resuspended in nuclear extraction buffer according to a previously 
published protocol (Dominguez-Sola et al., 2007). Whole cell lysate was 
prepared in NP-40— based lysis buffer. Protein extracts were resolved by 



SDS-PAGE and then electron-transferred onto nitrocellulose membranes. 
The following antibodies were used: rabbit anti-NOTCH2 (D67C8), rab- 
bit anti-cleavedNOTCHl (Vall744, D3B8), and rabbit anti-Lamm Bl (all 
Cell Signaling Technologies); rat anti-NOTCH2 (C651.6DbHn; Devel- 
opmental Studies Hybridoma Bank); goat anti-IRF4 (M17; Santa Cruz 
Biotechnology); mouse anti— p-actin and mouse anti— a-Tubulin (Sigma- 
Aldrich); HRP-conjugated goat anti— rat IgG and HRP-conjugated anti- 
goat IgG (GE Healthcare); and HRP-conjugated goat anti— rabbit IgG and 
HRP-conjugated goat anti— mouse IgG (Thermo Fisher Scientific). ECL 
(GE Healthcare) and West-Dura reagents (Thermo Fisher Scientific) were 
used for detection. 

B cell culture. B cells purified from the spleen of (Yf4 _/_ mice and wild- 
type littermates were cultured at a density of 10 6 cells/ml in RPMI medium 
plus 10% FBS and 2-mercaptoethanol for 48 h with 1 u.g/ml anti— mouse 
CD40 (clone HM40-3; BD) with or without 15 u.g/ml goat anti— mouse 
IgM F(ab')2 fragments (Jackson ImmunoResearch Laboratories, Inc.). 

In vivo inhibition of NOTCH2 activation. irf4"° ** ,( 'CD20-TAM-Cre 
mice were injected i.p. with TAM and 15 mg/kg a-NRR2 (Wu et al., 2010) 
or IgG (Jackson ImmunoResearch Laboratories, Inc.) as control. We first 
confirmed that TAM injection did not interfere with the antibody activity 
and that we could successfully deplete MZ B cells in /rf4 +/+ CD20-TAM-Cre 
animals by administering three doses of a-NRR2 at days 10, 17, and 24 after 
TAM treatment (days 0—2) and analyzing the mice at day 27 (experimental 
setting from Wu et al. [2010]). /ff^ /+ CD20-TAM-Cre and /^4^CD20- 
TAM-Cre mice received a single dose of a-NRR2, according to the follow- 
ing protocol: TAM days 0—2, a-NRR2 day 13, and analysis day 16. To study 
the mechanism of action of the a-NRR2 antibody, wild-type and irf4~'~ 
mice were analyzed at short time points (12, 24, 36, 48 and 72 h) after injec- 
tion of a single dose of a-NRR2. 

Online supplemental material. Table SI lists the primers used for 
qRT-PCR. Online supplemental material is available at http://www.jem 
.org/cgi/content/full/jem.20131026/DCl. 
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